Abstract 10 CALIOPE-AQFS represents the current state-of-the-art in air quality forecasting 11 systems of high-resolution running on high-performance computing platforms. It 12 provides a 48-h forecast of NO 2 , O 3 , SO 2 , PM 10 , PM 2.5 , CO, and C 6 H 6 at 4-km 13 horizontal resolution over all of Spain, and at 1-km horizontal resolution over the most 14 Future work should combine high grid resolution with techniques that decrease subgrid 30 2 variability (e.g., stochastic fields methods), and also include models that consider urban 1 morphology and thermal parameters. 2
improvement in hourly statistics, i.e., decreasing NO 2 bias only by ~2 µgm -3 and 22 increasing O 3 bias by ~1 µgm -3 . The grid effect is less pronounced for PM 10 -3 is applied to the observed 1 concentrations in order to avoid unrealistic observations. After filtering, the number of 2 stations is 48/30/36 for O 3 , 51/42/42 for NO 2 , and 52/15/33 for PM 10 in the 3 AND/BCN/MAD domains, respectively. 4
The meteorological fields are evaluated for wind speed (U10) and wind direction 5 (WD10) at 10 m, and temperature at 2 m (T2M). The 10 METAR stations are all 6 located at airports (6/2/2 stations in AND/BCN/MAD) and are discussed in Sect. S1. 7 Figure 2 shows the location of the air quality and METAR (METeorological Aerodrome 8 Report) stations over the respective domains. The spatial representativeness of the air 9 quality network is highly variable. The influence of the station type is based on two 10
classifications of air quality monitoring stations, the environment type (rural, R; 11 suburban, S; and urban, U), and the dominant emission source (traffic, T; industrial, I; 12 and background, B). These were derived from the Council decision 97/100/EC (Garber 13 et al. 2002) . 14 The evaluation is based on discrete statistics performed on an hourly basis. We consider 15 the correlation coefficient (r, Eq. A1), mean (absolute, relative, and fractional) biases 16 (MB, MNBE, and MFB, Eq. A2-A4), and error (MAE, MNGE, and MFE, Eq. A5-A7). 17 Root Mean Square Error (RMSE, Eq. A8) is also calculated because it intensifies large 18 differences between measured and observed concentrations (Table A1) . 19 In order to evaluate the effect of increased resolution on forecast exceedances and non-20 exceedances of limit values established by the European legislation, we calculate 21 categorical statistics based on comparisons with fixed concentration thresholds (T). The 22 calculated statistics are accuracy (A, Eq. A9), bias (B, Eq. A10), probability of detection 23 (POD, Eq. A12), critical success index (CSI, Eq. A11), and false alarm ratio (FAR, Eq. 24 A13), whose formulas and descriptions are provided in Table A2 However, the definition of NO 2 concentrations along highways connecting the biggest 18 cities with the rest of the country and industrial sectors are more easily identified at [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] km simulations than at 4 km, especially along those roads from/to Barcelona (e.g., the 20 AP7 Mediterranean highway and C32, which connects the harbor and the airport) and 21
Madrid (the A-2 and A-6 in the north, and A-3, A-4 and A-5 in the south). In the same 22 way, 1-km O 3 maps are more textured than those at 4 km along highways, because the 23 titration effect is more significant at 1 km, due to less dilution within grid cells. The 24 titration effect of NO x on O 3 over the main sources is more forceful in BCN than in 25 MAD, given that BCN has a larger concentration gradient resulting from complex 26 topography and recirculation flows that accumulate pollutants. 27 The improvement of the definition along roads in AND is lower than that observed in 28 the MAD and BCN domains, due to the fact that the AND domain is bigger and 29 displays lower traffic emission sources than the MAD or BCN domains. Regardingaffected the IP, as shown by the S-N PM 10 gradient (Fig.5e and f) . The desert dust is 1 transported from long-range simulation with BSC-DREAM8bv2. 2
Over complex terrains, the 1-km simulation produces more realistic looking NO 2 3 concentration maps because of its more detailed topographic information. For instance, 4 the BCN 1-km simulation displays the lowest NO 2 concentrations (< 10 µgm -3 ) along 5 the coastal chain (500 m height) and pre-coastal chain (1000-1700 m height), except for 6 the city's urban hill, where concentrations reach 20-40 µgm -3 . In contrast, the 4-km 7 simulation provides smoother NO 2 concentrations without any concentration gradient. partially due to the fact that the NO 2 is a primary pollutant and emissions at both 23 resolutions are modeled using the same approach. The bias improvement at 1-km 24 resolution is justified, because in theory the higher resolution leads to better emission 25 allocation from point, linear or area sources, decreases the artificial dilution of 26 emissions compared to the larger grid area and, due to the decrease of artificial dilution, 27 it treats chemistry more properly near large emission sources. 28
In contrast, the resolution increase has a negative effect on hourly and Max 8h O 3 29 concentrations increasing the bias and error by 0.1-0.8 µgm includes scientific improvements to SOA formation and aerosol dynamics, which could 14 improve the modeled PM 10 performance and its components. 15 Figure 8a shows that the resolution increase does not significantly change the PM 10 16 composition. DD remains the main contributor (~40-41%), followed by PPM (22-24%), 17 SIA (~21-22%), SS (9-11%), EC (~4%) and SOA (~0.6%). However, the effect of the 18 increased resolution on PM 10 component concentrations is different (Fig. 8b) , 19 depending on their origin, atmospheric cycle and the way they are modeled. DD 20 concentrations do not change between resolutions, because they are mass conservative 21 when interpolated from 0.5ºx0.5º till 1 km x 1 km. 22
For SIA, increasing the resolution increases NO3 and NH4 concentrations by 4 and 23 ~2%, respectively, and it decreases SO4 by ~2%. The NH4 increase means there are 24 more primary precursors (H 2 SO 4 or HNO 3 /NO 2 ) available to neutralize NH 3 (gas) to 25 NH4 (aerosol). However, the variability between SO4 and NO3 is more difficult to 26 explain, due to the nonlinearity of photochemistry and aerosol formation, which is 27 controlled to some extent by the ISORROPIA thermodynamic equilibrium. For primary PM components EC and PPM, increasing resolution results in higher 6 concentrations (by 10 and ~12%, respectively). As for NO 2 , the 1-km simulation leads 7 to a reduced effect of artificial dilution of emissions in a grid cell, so concentration 8 gradients are stronger than in the 4-km simulation. 9
Domain 10
The resolution increase has varying impacts due to differences in geographical location 11 and emission patterns over the domains (Fig. 7) . BCN shows the highest NO 2 bias 12 decrease (73%) when the resolution increases, but no effect on the correlation (<7%). 13 However, O 3 shows significant variability over BCN, increasing r by 4% and MB by 14 23%. To a lesser extent, MB also increases over AND (by 8%). Meanwhile, the 15 variability over MAD is reduced (bias differences <4%). MB decreases for PM 10 (bias 16 differences <1 µgm -3 ) over the urban domains of MAD (3%) and BCN (16%), and 17 increases over AND (7%). 18 Figure 9 analyzes the impact of the resolution increase on daily cycles. Although PBL 19 measurements are not available, PBL daily cycles are displayed together in order to find 20 some correlations with the daily pollutant variability. Due to the lamination of PBL 21 growth by the Mediterranean sea breezes, the PBL reaches its maximum height at 22 midday, being the highest in MAD (1600 m AGL) followed by AND (1000 m AGL) 23 and BCN (900 m AGL). 24 As shown in Sect. S1, the pollutant transport at the BCN coastal domain is controlled by 25 mesoscale phenomena such as sea-breezes (day) and land-breezes (night), which are a 26 result of its complex topography and location (Baldasano et al., 1994; Millán et al., 27 1997; Gonçalves et al., 2009 ). The NO 2 daily cycle is highly influenced by traffic 28 emissions (Fig. 9 ). Both resolutions show the highest underestimations for the morning 29 peak (6 am) (~20 µgm -3 ). Although the afternoon peak is well reproduced, there is 30 excessive variability at both resolutions, a result of problems with wind direction.
During the sea breeze period, the mean simulated wind was more easterly than westerly, 1 as registered by measurements (Sect. S1). Several works indicate that WRF hasdifficulty reproducing the morning and evening transition over the urban environment, In BCN, the PM 10 underestimation is not systematic throughout the daily cycle (Fig. 9) , 20 which shows a bias of ~20 (10) µgm -3 at day (night) time. The higher daytime 21 underestimation as compared to the nighttime cannot be explained by the current 22 results, but it could be a result of missing sources (e.g., fugitive agricultural emissions 23 and wind-blown dust) and problems with PBL height overestimation and an excess 24 dilution of emissions. The resolution increase reduces the bias by ~1 µgm -3 (16%), 25 especially during early morning and late afternoon, when the highest PBL height 26 variability between resolutions is observed. Although the evaluation of T2M, U10 and 27 WD10 indicates that the resolution increase has a small effect over BCN (Sect. S1), the 28 reduction of the artificial dilution of NO 2 emissions -together with a lower PBL height 29 at 1 km than at 4 km during the night and early morning-improves NO 2 , O 3 and PM 10 30 concentrations, which in turn decreases their biases.
For AND, the model underestimates observed NO 2 concentrations throughout the daily 1 cycle by ~5 µgm -3 for both the 4-km and 1-km simulations, with the highest 2 underestimation during the morning peak (~25 µgm -3 ) and the lowest during the 3 afternoon peak (~10 µgm -3 ). The resolution increase reduces the bias from -3.5 to -2 4 µgm -3 (by 43%) and increases r by 7% (from 0.39 to 0.41). As in BCN, the NO 2 5 underestimation directly impacts the O 3 daily cycle (which the resolution increase 6 cannot resolve), increasing the bias by ~1 µgm -3 , a phenomenon that is predominant in 7 the morning hours. In the case of PM 10 , the daily cycle indicates that the biases are 8 almost systematic throughout the day (~22 µgm -3 ). Increasing the resolution increases 9 the bias by less than 4% in the late afternoon, which is perhaps dominated by the 10 decrease in PBL height. When the resolution is increased, NO 2 performs better partially 11 due to the improved model performance for the temperature and wind speed (Sect. S1), 12 as well as the lower nighttime and higher daytime PBL. Meanwhile, the O 3 and PM 10 Figure 7 shows that the resolution impact also depends on the type of area and the 2 dominant emission source. Theoretically, the meteorological fields of urban areas differ 3 from those of surrounding rural areas because of their different morphology (radiation 4 trapping and wind profiles), surface materials (heat storage) and variable energy 5 consumption (heat release). 6
Environment and major sources 1
Increasing resolution reduces the NO 2 bias at suburban and urban stations by 1.8-2 µgm This may be due to better allocation of land-use categories (urban vs. rural) and of their 10 fraction in a grid cell in the 1-km simulation than in 4-km simulation. The NO 2 bias 11 decreases by 39% (65%) at urban (background) stations, but O 3 biases increase by 9% 12 (5%). For PM 10 , the resolution increase does not significantly change as a function of 13 area type, with differences in bias and error of less than ±4% (<0. The grid effect is less pronounced for PM 10 than for NO 2 and O 3 . When the resolution 27 increases, the low gradient of PM 10 mean concentrations (<0.1 µgm -3 ) is the result of 28 compensating biases of PM 10 components, which is controlled mainly by the PPM and 29 BCN is the domain where the resolution increase has the largest effect, with changes in 1 bias (error) of 16-73% (< 5%), followed by AND with 4-43% (< 5%) and MAD < 3-5% 2 (< 1%). In BCN, as in the western Mediterranean Basin, the transport of O 3 and its 3 precursors is governed by mesoscale circulations. In that sense, the resolution increase 4 has a large impact over BCN, where induced mesoscale phenomena control the air flow. 5
Conversely, synoptic transport is more prominent in MAD and AND. Increasing the 6 resolution to 1 km over rural areas (Mass et Since temperature and wind speed are very sensitive to the ratio of building width to 7 road width, future improvement for fine-scale modeling should focus on using an urban 8 canopy model that considers effects on the transfer of energy and momentum between 9 urban structures and the lower atmosphere. This is crucial for modeling meteorology 10 and air quality at fine-scales in urban environments. However, it requires an urban 11 canopy scheme and a canopy parameter database (urban fraction, building height and 12 area). Furthermore, in order to gain any benefits from increasing resolution, the 13 meteorological modeling should be updated to include a better description of land use, 14 instead of relying on USGS data from the year 1993. To this end, the Coordination of 15 Table 1 . CALIOPE-AQFS computational requirements, in terms of Central Processor 1 Units (CPU) and computational time (in min), for simulating 48h air quality forecasts as 2 a function of the domain: IP-4km (D2), AND-1km (D3), BCN-1km (D5) and MAD-3 1km (D4), all of which are described in Figure 1 . D-domains are described in Figure 1 . 
